In Saccharomyces cerevisiae cells, both of the two PP2C protein phosphatases ScPtc2p and ScPtc3p and the PP4 protein phosphatase ScPph3 are responsible for ScRad53p dephosphorylation after the DNA methylation agent methylmethane sulfonate (MMS)-induced DNA damage. In this study, we show that CaPtc2p is not required for the CaRad53p dephosphorylation during the recovery from DNA damage, as is CaPph3p in Candida albicans. However, deletion of CaPPH3 has an additive effect on the sensitivity of C. albicans cells lacking CaPTC2 to MMS and the DNA synthesis inhibitor hydroxyurea (HU). In addition, deletion of CaPPH3 promotes in vitro filamentation of C. albicans cells. Furthermore, mutation of CaPTC2 is epistatic to that of CaPPH3 in the sensitivity of C. albicans cells to rapamycin. Therefore, CaPtc2p and CaPph3p might play a role in the target of rapamycin (TOR) signaling in C. albicans cells.
Introduction
Protein serine/threonine phosphatases are grouped into the serine/threonine-specific phosphoprotein phosphatase (PPP) family and the metal ion-dependent protein phosphatase (PPM) family. Members of the PPP superfamily include PP1, PP2A, PP2B/calcineurin, PP4, PP5, PP6 and PP7, which consist of catalytic and regulatory subunits, whereas members of the PPM superfamily mainly include type 2C protein phosphatases (PP2C), which are monomeric enzymes (Cohen, 1989 (Cohen, , 1997 . Mammalian PP4 phosphatases regulate a variety of cellular functions, including organelle assembly, cellular signaling routes such as the nuclear factor-kappaB (NF-jB) and the target of rapamycin (TOR) pathways, DNA damage responses, and chromatin activities (Cohen et al., 2005) . For example, PP4 has been shown to be involved in the nonhomologous end joining (NHEJ)-mediated DNA double-strand break (DSB) repair through dephosphorylation of KAP1 (KRAB-associated protein 1; TIF1b; TRIM28), a corepressor for the Kruppel-associated box containing zinc-inger proteins in mammalian cells (Lee et al., 2012; Liu et al., 2012) . Mouse PP4 regulates glucose metabolism through dephosphorylating cAMP-response element binding protein (CREB)-regulated transcriptional coactivator 2, which is responsible for transcriptional activation of gluconeogenic genes in the liver (Yoon et al., 2010) . Human PP4 can dephosphorylate replication protein A subunit RPA2 to regulate its role in the DSB response . In Saccharomyces cerevisiae, PP4/ ScPph3p dephosphorylates ScMaf1p, the master repressor of RNA polymerase III transcription, which is conserved in eukaryotes (Oler & Cairns, 2012) .
Seven PP2C phosphatases, named ScPtc1p to ScPtc7p, exist in S. cerevisiae (Cheng et al., 1999; Jiang et al., 2001 Jiang et al., , 2002b Ruan et al., 2007) . The former four are negative regulators of the high osmolarity glycerol pathway (Warmka et al., 2001; Young et al., 2002; Mapes & Ota, 2004; Shitamukai et al., 2004) . ScPtc1p has additional functions in cell wall glucan assembly, sporulation as well as inheritance of mitochondria, vacuoles and endoplasmic reticulum (Robinson et al., 1994; Jiang et al., 1995; Du et al., 2006; Gonzalez et al., 2006 Gonzalez et al., , 2009 Ruiz et al., 2006; Jin et al., 2009) . Both ScPtc1p and ScPtc6p regulate lithium, caffeine and rapamycin sensitivity, while ScPtc2p and ScPtc3p are involved in the dephosphorylation of the cyclin-dependent kinase ScCdc28p (Cheng et al., 1999; Ruiz et al., 2006; Ruan et al., 2007; Gey et al., 2008) . ScPtc2p is also a negative regulator of the unfoldedprotein response pathway (Welihinda et al., 1998) . Two mitochondrial PP2C phosphatases, ScPtc5p and ScPtc6p, dephosphorylate mitochondrial pyruvate dehydrogenase complex, and ScPtc6p is also involved in mitochondrial autophage (Tal et al., 2007; Gey et al., 2008) . Interestingly, ScPTC7 has a functional intron, encoding a transmembrane domain (TM), and its unspliced transcript encodes a protein that localizes to the nuclear envelope and mediates the toxic effects of latrunculin A. In contrast, the spliced transcript encodes a ScPtc7p without the TM, which localizes to the mitochondrion and is regulated by carbons (Juneau et al., 2009) .
In response to DNA damage and DNA replication defects, the DNA damage checkpoints are activated to arrest cell cycle progression and facilitate the repair process. There are four damage checkpoints: the G1 checkpoint, the G2/M checkpoint, the intra-S checkpoint, and the replication checkpoint (Harrison & Haber, 2006) . In S. cerevisiae, activation of these damage checkpoints leads to recruitment of ScMec1p kinase and the ScRad17p-ScDdc1p-ScMec3p complex to sites of DNA damage, and this complex engages the double-stranded DNA binding protein ScRad9p, which mediates ScMec1p-dependent phosphorylation of the downstream effector kinases ScChk1p and ScRad53p (Melo & Toczyski, 2002; Lancelot et al., 2007) . Activation of ScRad53p is critical for survival of yeast cells subjected to DNA damage or replication stress (Branzei & Foiani, 2006; Szyjka et al., 2008) . The DNA damage or replication defect must be completely repaired for cells to resume cell cycle progression (a process called 'recovery'); In another process, cells reenter the cell cycle even in the presence of an unrepaired DNA break, which is referred to as 'adaptation' (Toczyski et al., 1997; Lee et al., 1998) . In either case the checkpoint response is deactivated through the dephosphorylation of ScRad53p by PP2C phosphatases ScPtc2p and ScPtc3p as well as the PP4 phosphatase ScPph3p (Pellicioli et al., 2001; Leroy et al., 2003; Keogh et al., 2006; Heideker et al., 2007; O'Neill et al., 2007; Kim et al., 2011) .
In Candida albicans, there is only one PP2C phosphatase, CaPtc2p, that is homologous to both the S. cerevisiae ScPtc2p and ScPtc3p (Feng et al., 2010) . Cells lacking CaPTC2 are sensitive to genotoxic agents, both the DNA methylation agent methylmethane sulfonate (MMS) and the DNA synthesis inhibitor hydroxyurea (HU) (Travesa et al., 2008; Feng et al., 2010) . Candida albicans cells in which the PP4 phosphatase CaPph3 or its regulatory subunit CaPsy2 is deleted, are also hypersensitive to, and exhibit strong filamentous growth in the presence of, genotoxic agents MMS and cisplatin, but not HU (Sun et al., 2011; Wang et al., 2012) . In the present study, we show that there is a genetic interaction between CaPph3p and CaPtc2p in the sensitivity of C. albicans cells to HU and MMS, although CaPtc2p is not required for CaRad53p dephosphorylation during the recovery from DNA damage, as CaPph3p is. Mutation of CaPTC2 is epistatic to that of CaPPH3 in the sensitivity of C. albicans cells to rapamycin. Furthermore, lack of CaPPH3 promotes in vitro filamentation of C. albicans cells.
Materials and methods

Strains, media and reagents
Candida albicans strains were maintained on YPD medium as described (Jiang et al., 2002a; Lee et al., 2004) . Primers, plasmids and strains used in this study are listed in Tables 1, 2 (1 mg mL À1 ) was prepared in ethanol containing 10%
Tween-20 and stored at À20°C. The synthetic drop-out (SD) medium was supplemented with appropriate nutrients for plasmid selection and maintenance . Hyphal induction in YPD medium containing 10% fetal bovine serum (FBS) was carried out at 37°C as described previously . Hyphal growth test on Lee's, SLAD and Spider media was carried out as described previously (Lee et al., 2004) .
Gene cloning
We amplified the 1751-bp full-length CaPPH3 gene with primers CaPPH3-pF and CaPPH3-TR, and cloned it into the SacI and HindIII sites of the pMD18-T vector, generating pMD18-CaPPH3. The CaPPH3 fragment was excised from the pMD18-CaPPH3 and subcloned into the SacI and HindIII sites of pCR4 (Li et al., 2008) , which yielded pCR4-CaPPH3. For functional complementation studies, we excised the full-length CaPPH3 gene from the pMD18-CaPPH3 plasmid with BamHI and HindIII enzymes, and subcloned it into the yeast centromeric expression vector pRS316, yielding pRS316-CaPPH3. We amplified the 2.1-kb full-length ScPPH3 gene with primers ScPPH3-F and ScPPH3-R from the genomic DNA of the wild-type S. cerevisiae strain BY4741. This PCR fragment was cut with XbaI and KpnI, and cloned into C. albicans vector pCR4, yielding pCR4-ScPPH3. Sequences of all PCR products in this study were confirmed by DNA sequencing.
Chromosomal disruption of CaPPH3 alleles
To disrupt the two alleles of CaPPH3, two disruption cassettes were constructed. A DNA fragment 'a' containing the 495-bp promoter region of CaPPH3 was amplified with primers CaPPH3-aF and CaPPH3-aR, digested with KpnI and cloned at one side of the hisG-URA3-hisG cassette in p5921 (Liu et al., 2010) , yielding pCaPPH3aV. The correct direction of this fragment in pCaPPH3aV was determined by PCR with primers CaPPH3-aR and FUSE (from the flanking region of the KpnI site in the backbone vector of p5921). Similarly, the DNA fragment 'b' containing the 486-bp terminator region of CaPPH3 was amplified with primers CaPPH3-bF and CaPPH3-bR, digested with BamHI and cloned at another side of the hisG-URA3-hisG cassette in pCaPPH3aV, yielding the first disruption cassette pCaPPH3ab. The correct orientation of this fragment in pCaPPH3ab was determined by PCR with primers CaPPH3-bF and PUC-R (from the flanking region of the BamHI site in p5921). The second disruption cassette was constructed in the plasmid pMD18-T-CaHIS1 containing a HIS1 gene as the selectable marker (Zhao et al., 2012) . The DNA fragment 'c' containing the 458-bp ORF of CaPPH3 was amplified with primers CaPPH3-cFand CaPPH3-cR, and cloned into the BamHI site at one side of the CaHIS1 cassette in pMD18-T-CaHIS1, yielding pCaPPH3cV. The correct orientation of this fragment in pCaPPH3cV was determined by PCR with primers CaPPH3-cR and M13R (from the flanking region of the BamHI site in the backbone vector of pMD18-T). Similarly, the DNA fragment 'd' containing the downstream 427-bp ORF of CaPPH3 was amplified with primers CaPPH3-dF and CaPPH3-dR, and was cloned into the SphI site at another side of the CaHIS1 cassette in pCaPPH3cV, yielding the second disruption cassette pCaPPH3cd. The correct direction of this fragment in pCaPPH3cd was determined by PCR with primers CaPPH3-dF and M13F (from the flanking region of the SphI site in the backbone vector of pMD18-T).
To disrupt the first allele of CaPPH3, the plasmid pCaPPH3ab was digested with SacI and HindIII, and the linearized DNA was transformed into wild-type RM1000 or the homozygous mutant for CaPTC2 (JR4) (Fig. 1a) . Ura + transformants JR5 or JR8 were selected on SD-URA (a) (b) (c) (d) Fig. 1 . Disruption of the CaPPH3 alleles. (a) Sequential targeted disruption of two CaPPH3 alleles in the wild-type RM1000 and the homozygous mutant for CaPTC2(JR4) with two disruption cassettes, pCaPPH3ab and pCaPPH3cd, respectively. Strain designation is shown on the right. Primer locations are indicated. (b) PCR confirmation of the genotypes of JR6 (or JR9) and JR7 (or JR10) strains with primers CaPPH3-aF, hisDR and HIS1-F. A 0.8-kb fragment from the pph3∷hisG mutant allele was amplified with primers CaPPH3-aF and hisDR from the heterozygous mutant JR6 (or JR9) strain (Lane 3) and also from the homozygous mutant JR7 (or JR10) strain (Lane 5), but not from RM1000 strain (Lane 1). In contrast, a 2.4-kb fragment from the pph3∷HIS1 mutant allele was amplified with primers CaPPH3-aF and HIS1-F from the homozygous mutant JR7 (or JR10) strain (Lane6), but not from RM1000 (Lane2) and the heterozygous mutant JR6 (or JR9) strains (Lane4). (c) PCR confirmation of the genotypes of JR6 (or JR9) and JR7 (or JR10) strains with primers CaPPH3-TbR, hisDF and HIS1-DR. A 0.9-kb fragment from the pph3∷hisG mutant allele was amplified with primers hisDF and CaPPH3-TbR from the heterozygous mutant JR6 (or JR9) strain (Lane 3) and also from the homozygous mutant JR7 (or JR10) strain (Lane 5), but not from RM1000 strain (Lane 1). In contrast, a 1.7-kb fragment from the pph3∷HIS1 mutant allele was amplified with primers HIS1-DR and CaPPH3-TbR from the homozygous mutant JR7 (or JR10) strain (Lane6), but not from RM1000 (Lane2) and the heterozygous mutant JR6 (or JR9) strain (Lane4). (d) PCR confirmation of the genotypes of JR6 (or JR9) and JR7 (or JR10) strains with primers CaPPH3-cF and CaPPH3-dR. A 0.9-kb fragment from the wildtype CaPPH3 was amplified with primers CaPPH3-cF and CaPPH3-dR from RM1000 (Lane1) and the heterozygous mutant JR6 (or JR9) strain (Lane2). In contrast, a 2.4-kb fragment from the pph3∷HIS1 mutant allele was amplified from the homozygous mutant JR7 (or JR10) strain (Lane3), but not from RM1000 (Lane1) and JR6 (or JR9) strains (Lane 2).
plates and subsequently streaked onto YPD plates containing 5-fluoroorotic acid to permit loss of the URA3 marker by cis recombination between the flanking hisG repeats, resulting in the Ura À JR6 or JR9 strains, respectively. To disrupt the second CaPPH3 allele, the JR6 or JR9 strains with a genotype PPH3/pph3∷hisG were transformed with the EcoRI/HindIII-linearized plasmid pCaPPH3cd DNA. His + transformants were selected, generating the JR7 or JR10 strains, respectively. The genotypes of JR6, JR9, JR7 and JR10 strains were examined by PCR (Fig. 1b -d) .
Western blot analyses
To investigate the phosphorylation state of CaRad53p, we integrated an HA tag to the C-terminus of one CaRAD53 allele in the wild-type RM1000, the single-gene deletion mutant for CaPTC2, the single-gene deletion mutant for CaPPH3, as well as the double-gene deletion mutant for CaPTC2 and CaPPH3, respectively, by homologous recombination. The integration cassette was amplified with primers HA-F (the underlined 80-base sequence is complementary to the 3′ end of the CaRAD53 ORF) and HA-R (the underlined 80-base sequence is complementary to the immediate 3′ end untranslational region of the CaRAD53 gene) (Table 1) , using the plasmid pFA-HA-URA3 DNA as a template (Lavoie et al., 2008) . Correct integration was confirmed by PCR as described (Lavoie et al., 2008) . Protein extraction and Western blot analysis was carried out as described . A monoclonal anti-HA antibody was purchased from Abcam Inc. (Hong Kong, China).
Results
Deletion of CaPPH3 renders C. albicans cells sensitive to genotoxic stress In S. cerevisiae, the PP4 protein phosphatase ScPph3p is required for recovery from DNA methylation damage and regulates the gene conversion-and single-strand annealing-mediated pathways of meiotic DSB repair (O'Neill et al., 2007; Kim et al., 2011) . A triple deletion of ScPPH3, ScPTC2 and ScPTC3 causes a severe defect in ScRad53p kinase deactivation after DNA methylation damage and therefore renders yeast cells hypersensitive to the genotoxic agents MMS and HU. To examine the function of CaPPH3 in C. albicans, we constructed the heterozygous and the homozygous mutants for CaPPH3. The homozygous mutant was sensitive to both 0.015% MMS and 40 mM HU, but the heterozygous mutant and the wild type were not (Fig. 2a) . Introduction of CaPPH3 back to the homozygous mutant reversed its genotoxic sensitivity (Fig. 2a) . These results suggest that deletion of CaPPH3 causes C. albicans cells to be sensitive to these genotoxic agents. This confirms the recent finding concerning the function of CaPPH3 in regulating cellular response to DNA damage (Sun et al., 2011; Wang et al., 2012) .
In contrast to wild-type and the heterozygous mutant, we did not observe any growth defect for the homozygous mutant on media containing 1.0 M NaCl, 1.5 M NaCl, 1.0 M KCl, 1.5 M KCl, 0.4 M LiCl, 0.3 M CaCl 2 , 0.2 mM MgCl 2 , 12 mM MnCl 2 , 0.3 lM CdCl 2 , 3 mM ZnCl 2 , 2.5 mM H 2 O 2 , 500 lg mL À1 Congo red, 20 mM caffeine, 200 ng mL À1 casponfungin, 0.1 lg mL À1 ketoconazole, 4 lg mL À1 fluconazole, 10 lg mL À1 amphotericin B, 5 lg mL À1 terbinafine, 10 lg mL À1 nystatin or 30 ng mL À1 rapamycin ( Fig. 2b and c ; some data not shown).
Genetic interaction between CaPPH3 and
CaPTC2 in the sensitivity of C. albicans cells to genotoxic agents and rapamycin
We have previously shown that deletion of CaPTC2 affects the sensitivity of C. albicans cells to both MMS and HU (Feng et al., 2010) . Therefore, we constructed the double-gene deletion mutant for CaPPH3 and CaPTC2. The single-gene mutant for CaPPH3 was more sensitive to MMS and HU than the single-gene mutant for CaPTC2, and the double-gene mutant was more sensitive to these genotoxic agents than either of the two single-gene mutants (Fig. 2b) . This demonstrates that further deletion of CaPPH3 has an additive effect on the sensitivity of C. albicans cells lacking CaPTC2 to these genotoxic agents and that CaPph3p plays a more important role than CaPtc2p in the cellular response to these DNA damage agents. To determine whether there is any genetic interaction between CaPPH3 and CaPTC2 under a number of other growth conditions, we analyzed the growth phenotype of the double-gene deletion mutant on media containing various salts, antifungal drugs or cell-wall disturbing reagents, as described above. We did not observe growth defects under any of these growth conditions except in the presence of rapamycin. The single-gene mutant for CaPTC2 was sensitive to 30 ng mL À1 rapamycin, and deletion of CaPPH3 had an additive effect on the rapamycin sensitivity of C. albicans cells lacking CaPTC2, although the single-gene mutant for CaPPH3 was not sensitive to rapamycin (Fig. 2b) . Introduction of the wild-type CaPTC2 gene back to the double-gene mutant recovered its rapamycin tolerant level to that of the single-gene mutant for CaPPH3 (Fig. 2b) . We did not observe this rapamycin sensitivity for the single-gene mutant of CaPTC2 in our previous study because we in the medium (Feng et al., 2010) . These results indicate that CaPPH3 and CaPTC2 are involved in the regulation of rapamycin sensitivity in C. albicans cells. As reported previously (Feng et al., 2010) , the single-gene mutant for CaPTC2 was sensitive to azoles (Fig. 2b) . However, the double-gene deletion mutant was not more sensitive than the single-gene mutant for CaPTC2 to either fluconazole or ketoconazole (KCZ) (Fig. 2b) . These results suggest that CaPPH3 is not involved in the azole sensitivity of C. albicans cells.
CaPph3p but not CaPtc2p is responsible for Rad53 dephosphorylation during DNA damage recovery
In S. cerevisiae cells, three phosphatases, ScPph3, ScPtc2p and ScPtc3p, are responsible for ScRad53p dephosphorylation after MMS-induced DNA methylation damage, albeit not after HU-induced replication stress (Travesa et al., 2008) . Recent studies have shown that CaPph3 and its regulatory subunit CaPsy2 are required for CaRad53p dephosphorylation during recovery from DNA damage in C. albicans (Sun et al., 2011; Wang et al., 2012) . Therefore, we examined whether CaPtc2p plays a similar role in the dephosphorylation of CaRad53p during recovery from DNA damage. Consistent with these two previous studies, we found that a phosphorylated form of CaRad53p appeared in log-phase growing cells of the wildtype and the single-gene mutant for CaPTC2 in response to the treatment of 50 mM HU (top) or 0.02% MMS (bottom) (Fig. 3a) . This result demonstrates that deletion of CaPTC2 has little effect on the CaRad53p phosphorylation upon exposure to HU or MMS. However, after removing HU, CaRad53p dephosphorylation was accomplished in 2 h in both the wild-type and the single-gene deletion mutant for CaPTC2 (Fig. 3b, top left) . In contrast, after removing the MMS, CaRad53p dephosphorylation was completed in 2 h in the wild-type, but did not occur within 2 h and was only partially accomplished after 6 h in the single-gene mutant for CaPTC2 (Fig. 3b , bottom left). These results suggest that CaPtc2p is not responsible for the dephosphorylation of CaRad53p during DNA damage recovery. To explore the interaction between CaPtc2p and CaPph3p in the dephosphorylation of CaRad53p during DNA damage recovery, we examined the dephosphorylation status of CaRad53p in the double-gene deletion mutant for CaPTC2 and CaPPH3. Consistent with previous findings (Sun et al., 2011; Wang et al., 2012) , we found that CaRad53p was phosphorylated in the single-gene deletion mutant for CaPPH3 in response to 50 mM HU (top right) or 0.02% MMS (bottom right) (Fig. 3b) . Upon removing the HU, CaRad53p dephosphorylation did not occur within 2 h but was mostly accomplished in 6 h in the single-gene deletion mutant for CaPPH3 (Fig. 3b, top  right) . In contrast, upon removing the MMS, CaRad53p dephosphorylation did not occur even after 6 h in the single-gene deletion mutant for CaPPH3 (Fig. 3b, bottom  right) . Similar to the single-gene deletion mutant for CaPPH3, upon removing the HU, CaRad53p dephosphorylation did not occur in 2 h but was mostly accomplished after 6 h in the double-gene deletion mutant for CaPTC2 and CaPPH3 (Fig. 3b, top right) . However, CaRad53p dephosphorylation did not occur even in 6 h after the removal of MMS in the double-gene deletion mutant for CaPTC2 and CaPPH3 (Fig. 3b, bottom right) . Taken together, our data confirm the previous finding that CaPph3 is required for Rad53 dephosphorylation during DNA damage recovery, and demonstrate that CaPtc2p is dispensable for, and does not have any additive effect on the role of CaPph3p in, the dephosphorylation of CaRad53p during DNA damage recovery.
Deletion of CaPPH3 promotes in vitro filamentation of C. albicans cells Candida albicans remains the most important fungal pathogen in humans, proliferating in either a yeast form or a hyphal form, and it can lead to life-threatening systemic infection in immunocompromised patients (Chauhan et al., 2006; Whiteway & Bachewich, 2007) . Its ability to switch between different phenotypic forms has been thought to contribute to its virulence (Huang, 2012) . Next, we examined the in vitro filamentation for the deletion mutants for CaPPH3. In liquid Lee's, SLAD, Spider media or YPD medium containing 10% FBS, the homozygous mutant for CaPPH3 filamented earlier than the wild-type and the heterozygous mutant for CaPPH3, whereas the re-introduction of CaPPH3 into the homozygous mutant for CaPPH3 reversed this earlier filamentation phenotype (Fig. 4) . The double-gene deletion mutant for CaPPH3 and CaPTC2 also filamented earlier than the wild type but seemingly not earlier than the homozygous mutant for CaPPH3 (Fig. 4) , suggesting CaPTC2 does not have an additive effect on the regulation of filamentation by CaPph3p. Furthermore, in comparison with the wild type, we did not observe any defect in the ability of any mutant to invade agar on the four types of solid media (data not shown). Taken together, these results demonstrate that loss of CaPPH3 promotes in vitro filamentation of C. albicans cells.
Discussion
In this study, we have confirmed and extended the previous finding that deletion of CaPPH3 causes C. albicans cells to become sensitive to both MMS and HU (Wang et al., 2012) . In contrast, deletion of ScPPH3 renders yeast cells only sensitive to MMS and not to HU (Travesa et al., 2008; Kim et al., 2011) . Since CaPph3p shows a 68.2% identity and 77.5% similarity to ScPph3p in its amino acid sequence (Sun et al., 2011 ; our unpublished observation), we examined whether CaPPH3 could complement the function of ScPPH3 in MMS sensitivity. We found that introduction of pRS316-CaPPH3 into the S. cerevisiae pph3 deletion mutant did not reverse its sensitivity to 0.02% MMS (data not shown). In addition, we examined whether ScPPH3 could complement the function of CaP-PH3. Similarly, introduction of pCR4-ScPPH3 into the homozygous mutant for CaPPH3 did not reverse its sensitivity to 0.015% MMS or 40 mM HU (data not shown). Taken together, these results suggest that CaPPH3 and ScPPH3 might not be functional homologs in MMS and HU sensitivity. Nevertheless, similar to the function of its counterpart ScPph3p in the dephosphorylation of ScRad53p, CaPph3p is indispensable for the dephosphorylation of CaRad53p during DNA damage recovery. However, we cannot exclude the possibility that ScPPH3 does not complement the function of CaPPH3 in MMS and HU sensitivity of C. albicans cells, possibly because one CUG codon in the ScPPH3 ORF would be translated as Serine 11 in C. albicans instead of Leucine 11 in S. cerevisiae (Santos & Tuite, 1995) . Furthermore, our current study shows that lack of CaPPH3 promotes the in vitro filamentation of C. albicans cells. Our results are consistent with previous findings that disruption of the DNA damage checkpoints Fig. 4 . Deletion of CaPPH3 promotes the in vitro filamentation of Candida albicans cells. The wild-type RM1000 containing the vector pCR4, the heterozygous mutant for CaPPH3 (JR6) containing the vector pCR4, the homozygous mutant for CaPPH3 (JR7) containing the vector pCR4 or pCR4-CaPPH3, as well as the double-gene deletion mutant for CaPPH3 and CaPTC2 were grown overnight in liquid SD-URA at 30°C. The overnight cultures were transferred to filamentation-inducing media at a ratio of 1:20 and grown at 37°C for 1 h in Lee's medium (a), 2 h in SLAD (b), 1 h in Spider medium (c) or 1 h in YPD medium containing 10% FBS medium (d).
would render C. albicans cells sensitive to genotoxic agents and affect the filament growth. Loss of the S-phase checkpoint genes CaMEC1 or CaSGS1 causes C. albicans cells to be sensitive to DNA damage agents MMS and HU (Legrand et al., 2011) . Deletion of CaRAD53 abolished the genotoxin-induced filament growth, whereas deletion of CaRAD9, encoding the signal transducer of the DNA-damage checkpoint, specifically blocked the filamention induced by MMS or UV but not that induced by HU or aphidicolin (Shi et al., 2007) . In contrast, deletion of CaMRC1, encoding the counterpart of CaRad9 in the DNA-replication checkpoint, induces constitutive cell elongation (Shi et al., 2007) . In addition, loss of CaRAD52 activates the DNA-damage checkpoint and also triggers filamentation in C. albicans (Andaluz et al., 2006) . Interestingly, C. albicans cells with decreased levels of the molecular chaperone heat shock protein 90 (Hsp90) were also hypersensitive to HU, which might be related to the function of its client protein, the cyclindependent protein kinase CaCdc28p (Senn et al., 2012) .
In S. cerevisiae, in response to genotoxic stress, ScMec1p phosphorylates and activates ScRad53p, which in turn regulates a number of substrate proteins involved in stabilization of stalled replisomes, suppression of recombination at arrested replication forks, block of yet unfired chromosomal origins of replication, and block of progression to mitosis (Sanchez et al., 1996; Lisby et al., 2004) . Once genotoxic stress is overcome, the damage response has to be deactivated to allow resumption of cell cycle progression (checkpoint recovery). Deactivation of ScRad53p kinase activity is due to its dephosphorylation but not proteolysis (Pellicioli et al., 1999; Tercero et al., 2003) . PP2C phosphatases ScPtc2p and ScPtc3p have been shown to be necessary for checkpoint recovery from DNA double strand break damage in G2/M, but not for replication stress or DNA methylation damage (Leroy et al., 2003; Guillemain et al., 2007; Travesa et al., 2008) . ScPph3p is required for ScRad53p dephosphorylation after DNA methylation damage but not after replication stress (O'Neill et al., 2007; Travesa et al., 2008) . Similar to mutations of ScPTC2 and ScPTC3, deletion of CaPTC2 results in hypersensitivity to MMS and HU. However, when tested in the CaPTC2 null mutant strain, neither ScPTC23 nor ScPTC3, expressed from their native promoters, was able to complement the hypersensitivity to MMS and HU (Feng et al., 2010) . On the other hand, both ScPtc2p and ScPtc3p are distantly related to CaPtc2p, compared with homologs from other fungal species (Feng et al., 2010) . Therefore, it is likely that CaPtcp2 is functionally distinct from ScPtc2p and ScPtc3p. This might explain why CaPtc2p is not required for the dephosphorylation of CaRad53p during DNA damage recovery (present study), whereas ScPtc2p and ScPtc3p, together with ScPph3p, function in the dephosphorylation of ScRad53p during DNA damage recovery in S. cerevisiae cells (Travesa et al., 2008; Sun et al., 2011; Wang et al., 2012) .
We have shown that there is a genetic interaction between CaPtc2p and CaPph3p in the sensitivity of C. albicans cells to HU and MMS. Consistent with our previous study (Wang et al., 2012) , we have shown that the sensitivity of C. albicans cells to MMS is in the order pph3/pph3 ptc2/ptc2 mutant > the pph3/pph3 mutant > the ptc2/ptc2 mutant > the wild type. Similarly, we have shown that the sensitivity of C. albicans cells to HU is in the same order as in MMS (Fig. 2b) . However, this previous study showed that only the pph3/pph3 ptc2/ptc2 mutant was sensitive to a lower concentration of 20 mM HU in comparison to the wild type; the pph3/pph3 mutant and the ptc2/ptc2 mutant were not sensitive (Wang et al., 2012) . To determine whether this discrepancy is due to the difference in HU dose used in our study (40 mM) and the previous study (20 mM), or to the difference in genetic backgrounds of the wild-type strains used in our study (RM1000) and in the previous study (BWP17), we have carried out further experiments with different doses of HU. As in the BWP17 background (Wang et al., 2012) , we have shown that the pph3/pph3 ptc2/ptc2 mutant is sensitive to 20 mM HU in RM1000 background, but the pph3/pph3 mutant and the ptc2/ptc2 mutant are not (Fig. 2c) . Therefore, similar to our previous observation on the dose effect for the HU sensitivity of the ptc2/ptc2 mutant (Feng et al., 2010) , there is a dose-dependent HU sensitivity for both the pph3/pph3 mutant and the ptc2/ptc2 pph3/pph3 mutant (Fig. 2c) . Together with the previous findings (Wang et al., 2012) , our results indicate that CaPtc2p and CaPph3p have both independent and redundant functions in the sensitivity of C. albicans cells to genotoxic stress. In addition, there is a genetic interaction between CaPtc2p and CaPph3p in the sensitivity of C. albicans cells to rapamycin. The ptc2/ptc2 mutant is sensitive to a high dose of rapamycin, and the ptc2/ptc2 pph3/pph3 mutant is more sensitive to rapamycin than the ptc2/ptc2 mutant, although in comparison with the wild type, the pph3/pph3 mutant is not sensitive to rapamycin. This suggests that mutation of CaPTC2 is epistatic to that of CaPPH3 in the sensitivity of C. albicans cells to rapamycin. Therefore, CaPtc2p and CaPph3p may play a role in the TOR signaling in C. albicans cells. PP4 phosphatase is shown to regulate the TOR signaling pathway in mammalian cells (Cohen et al., 2005) . In addition to regulate cellular adhesion in C. albicans and other eukaryotic organisms (Bastidas et al., 2009) , the TOR signaling also contributes to the morphogenesis in C. albicans and C. dubliniensis (Zacchi et al., 2010; Sullivan & Moran, 2011) . Genetic interactions between CaPTC2p and CaPph3p
